Introduction
Lead (Pb) is a well-known toxic substance. Due to its toxicity and environmental prevalence, Pb poisoning has been one of the worst environmental threats to children in the US. This unfortunate fact resulted in the Centers for Disease Control and Prevention (CDC) lowering the acceptable blood lead (BPb) level three times in the last 20 years (CDC, 1991) . The current action level for BPb is 10 g/dl. Since principal Pb sources such as leaded gasoline and Pb-based paints have been removed in the US, a dramatic decrease in BPb levels was reported from 12.8 to 2.8 g/dl between 1976±1980 and 1988 ±1991 (Harrison and Laxen, 1981; Pirkle et al., 1994) . Most significantly, the percentage of US children aged 1±5 years with BPb levels 10 g/dl or greater dropped from 88.2% to 8.9%. This may look like a signal for declaring victory in the war against Pb poisoning. One might hesitate to do so, however, by examining Pb exposures of some specific populations in some parts of the world (Diaz-Barriga et al., 1997; Murgueytio et al., 1998) .
A recent study (Fernandez et al., 1997) showed that measured BPb levels of ceramic workers in three villages in Michoaca Ân State of Mexico significantly exceeded US recommended safety level of 10 g/dl. The mean BPb values for 310 female and 146 male workers were 22.9 and 23.9 g/dl, respectively. The study, however, included blood samples from residents who did not work with pottery in their homes and those who used closed gas ovens in determining community and age/gender-stratified averages. Therefore, BPb levels for pottery workers might be even higher than the community averages reported by Fernandez et al.
Although Fernandez et al. (1997) found high BPb levels, no environmental exposure data were collected as part of their study. Environmental data are particularly useful in providing insights into exposure pathways, and for making recommendations on reduction of Pb exposure and thus reduction of BPb level. In those Mexican villages where residents make a living with pottery production, raw materials used to glaze pottery contain Pb oxide powder which can be easily spread and are accessible to both adults and children (Avila et al., 1991; Fernandez et al., 1997) . Therefore, the village residents may receive Pb exposures through many or all of the following major pathways: (a) inhalation of Pb-containing airborne particles; (b) ingestion of Pb-contaminated dust and soils; and (c) ingestion of Pbcontaminated water and food. In the present study, we have therefore collected data on each of these Pb exposure pathways through a methodology that includes samples taken from air, dust, soil, and foods in Pb-containing pottery. This program provides a unique set of insights and thus also recommendations on how to reduce Pb exposures resulting from the pottery production and use.
Methods

Study Location and Population
The present study was carried out in the village of Santa Fe de la Laguna (referred to here as`Santa Fe'), Michoaca Ân, Mexico. The village contains about 950 homes averaging six persons each. Samples were collected in 17 homes in this village over a 5-week period in July and August of 1996. The 17 homes were selected on the basis of their pottery firing. All homes sampled had soil floors, low walls that allowed passage of air from one room to another, and at most one spigot of running water. The roofs were of varying heights, and usually allowed the smoke to flow into neighbors' homes or into adjoining rooms. The Pa Âtzcuaro lake region is the site of our ongoing investigation of the environmental and health impacts of biomass and bioenergy utilization strategies (Saatkamp et al., 1998) .
Sampling and Analytical Methods
Soil Samples Soil samples were collected at a designated location inside of a study home. This spot, near the pottery kilns, was in close proximity to the kitchen and cooking area, which was also an area where children frequently played on the soil floors. A stainless steel spoon was used to scrape the sample from the ground and then the sample was placed in a Ziploc bag. The soil samples were dried for analysis at 438C in an oven for 1 week. Portions between 0.2 and 0.8 g were weighed and placed into test tubes (Oak Ridge Centrifuge Tube, 30 ml). The soil samples were then digested in a microwave oven using a total Pb digestion method described by the Department of Housing and Urban Development (HUD, 1990) . The microwave oven (CEM MDS-2000) was set at 81% power and the digestion time was 23 min. Pb concentrations were determined using flame atomic absorption (FAA) spectrometer (Perkin-Elmer Model 3100) at the wavelength of 283.3 nm. The analytical detection limit of the FAA was 0.5 ppm.
Dust Samples
The dust samples were obtained using a commonly used method which consisted of wiping areas of known size with commercially available moist towelettes (Thomas and Spiro, 1994; Orlova et al., 1995) . The size of the area was usually estimated in the present study, because flat continuous areas such as tabletops usually did not exist in the sampled homes. Typical surfaces sampled were boards for tortilla production, water jugs, shelves, and utensils. Hands and clothing of people loading the kiln or glazing were also sampled for dust. According to previous studies using this dust collection method, this method may underestimate the Pb loading (Chavalitnikul and Levin, 1984) . After drying in the laboratory, each towelette was placed in a 120-ml digestion liner with 30 ml of 20% nitric acid added and then digested in the CEM microwave. After the digestion, 30 ml of deionized water were added to the sample, and any undissolved towelette residues were removed. Although a tiny amount of the residue was observed, it was felt that the digestion was sufficient to free the Pb from the wipe matrix. Pb concentrations were determined using the same FAA technique as for the soil samples.
Air Samples Samples of airborne respirable suspended particles (RSP<7.1 m in aerodynamic diameter) were collected during the glazing and firing of the pottery, using an SKC Aircheck pump, cyclone attachment, and 0.5 m matched weight filters. Sampling duration varied and depended on the duration of the task. Both personal and stationary samples were collected. For personal sampling, the pump was attached to the chest of the person performing various tasks of the pottery production. For stationary sampling, the sampler was placed at the breathing level of a typical adult (1.5±1.7 m above the ground) and in an indoor area where the family members would usually gather (1±2 m away from the pottery kiln). The sampling flow rate was 1869 ml/min in accordance with the manual of the SKC sampler. The filters were then digested using the standard digestion method (HUD, 1990) . Pb concentrations were determined using the same FAA technique as for the soil and dust samples.
Pottery Leachate Samples Several pots made in the village were tested for leachable Pb in Environmental and Occupational Health Sciences Institute (EOHSI) laboratories. The test method was adapted from the draft protocol from the International Standard Organization (ISO) procedure (ASTM, 1994; ISO, 1996) . Each tested pot was filled with 4% acetic acid and set for 24 h. However, the tested pots started leaking through their walls or tiny cracks only after a few hours. The portion of the acid solution coming out of a pot was collected and mixed with the portion remaining inside of the pot. The Pb content in the mixture was determined with a method using inductively coupled plasma-mass spectroscopy (ICP-MS) (Fisons Plasma Quad PQS). The detection limit of the ICP-MS was 0.5 ppb.
Cooked Bean Stew Samples In Mexican villages, beans are very common in everyday's diet for both children and adults. In this study, we attempted to examine potential Pb contamination of foods cooked in the pots made in the village. Before cooking, the pots were rinsed once with tap water. A mixture was made containing beans, a few drops of corn oil, tap water (half volume of the pot), hot picked peppers, table salt, and one small tomato. From this batch of bean stew, half was put into the Pb-glazed pot and was cooked for about 1 h, and half was put in a stainless steel pot and cooked for the same amount of time. After the stews cooled off, the stew cooked in the stainless steel pot was homogenized in a blender; the stew cooked in the Pb-glazed pot was separated into three portions: one from the top, one from the middle, and the other from the bottom of the pot. Each portion was then homogenized. A small fraction (7±13 g) of each homogenized stew was digested with 30 ml of 20% nitric acid in the CEM microwave. After the digestion, 30 ml of deionized water was added to the sample before being analyzed using the ICP-MS.
Quality Control Both FAA and ICP-MS were calibrated on a regular basis, according to the standard calibration schedule and procedure, with standards from National Institute of Standards and Technology (NIST). The NIST reference materials 2709 and 2711 were used as quality assurance checks for all samples. Sample digestion blanks, reagent blanks, and Pb solution spikes were included in all analytical runs. Although acceptable instrument error was set at 20%, most QC analyses were within 10%.
Results and discussion
Pb Concentration in Soil
The soil Pb concentrations measured in the 17 homes are shown in Table 1 . The concentrations ranged from 0.39 (House nos. 7 and 16) to 19.8 mg/g (House no. 12) with a median of 3.42 mg/g. Pb does not biodegrade, decay or break down in soil or dust. Even if the primary source is removed, the soil can act as a source for hundreds of years. A rise of 1 mg/g Pb content in soil or dust causes a 3±7 g/dl BPb increase in children, although the uncertainty regarding a general relationship between soil Pb level and BPb in children is large (EPA, 1986; ATSDR, 1988) . It is therefore difficult to set Pb concentration standards for soil in the US where soil intake is generally a more important exposure pathway than inhalation for children. However, EPA recommends the following guidelines: if the concentration is less than 400 ppm (i.e., 0.4 mg/g) Pb in the soil, then no action is requited. In an area frequently used by children, interim controls should begin for soils with Pb levels between 400 (0.4 mg/ g) and 5000 ppm (5 mg/g). Interim controls include spreading mulch, shrubs, or gravel over the soil. If soil Pb concentrations are above 5000 ppm (5 mg/g), abatement should be undertaken. This would entail permanent removal and replacement of the top several centimeters of soil, or covering with cement paving or brick. Growing grass over the soil can be effective if the grass is maintained and if it prevents contact with the soil (EPA, 1995) . In Santa Fe Village, two out of 17 homes exhibited Pb concentrations of 0.39 mg/g; 12 houses (71%) had soil Pb levels above 1 mg/g; 11 houses (64%) had soil Pb levels above 2 mg/g; and five houses (29%) had soil Pb levels even above 10 mg/g. These soil samples were collected inside of the homes on soil floors where children often play. Therefore, according to the EPA guidelines, controls and abatement should be undertaken in all of these homes. The control techniques recommended by EPA, however, are not necessarily applicable to these homes, because the EPA control strategies are primarily for outdoor soils, not for indoor soil floors.
Pb Loading on Household Surfaces
In the 17 sampled homes, flat continuous areas such as tabletops usually did not exist and simple furniture was lacking in some of the homes. Therefore, our dust sampling strategy was to collect surface dust on household items that the residents might most frequently contact with. The sampled items, along with the Pb loading, are shown in Table 2 . The results indicate that Pb loading had a large variation with respect to different surfaces (items) both within a house and across different houses. For example, Pb in surface dust ranged from 690 (on cookstove) to 33 060 g/f t 2 (on shelves), by a factor of almost 50, within House no. 3. Across different homes, the surface dust Pb on tables/ chairs ranged from 264 (House no. 4) to 5530 g/f t 2 (House no. 8), by a factor of 21; that on cooking utensils ranged by a factor of 13; and that on cookstoves ranged by a factor of 4.
Among all the surfaces sampled, the lowest Pb level was 172 g/f t 2 for cooking utensils of House no. 7. This level is even above the EPA-recommended value of 100 g/f t 2 for uncarpeted floors (EPA, 1995) . (Obviously, utensils would be associated with a higher exposure even if the floor and utensils had the same Pb loading.) In response to Pb exposures from paint and dust in urban homes, the EPA does provide a set of guidelines for window sills (500 g/ f t 2 ) and window troughs/wells (800 g/f t 2 ) (EPA, 1995). These standards are also not of direct relevance to developing nation settings, as the household items on which we measured Pb concentrations at harmful levels come into human contact more frequently than do the window sill, trough, and wells examined by the EPA. In addition, high Pb loading was also found on the clothes, hands, and tools (glaze rock) of the workers (see Table 2 ).
Pb Concentration in Air
Pb concentrations in respirable suspended particles (RSP<7.1 m in aerodynamic diameter) were measured using both personal sampling and stationary sampling methods. Personal samples were collected for eight workers (all men) while performing the pottery firing and for 15 workers (mainly women) while performing the pottery glazing. Personal Pb concentrations for the eight firing workers ranged from 10.7 (House no. 2) to 234 g/m 3 Table 3 ). The large variation in these personal Pb concentrations was perhaps mainly due to the difference in glaze ingredients among different household manufactories and behavioral differences among different workers. Results from the stationary (indoor) samples indicate that airborne Pb concentrations were lower during nonglazing period compared to glazing period (see Table 3 ). During the pottery glazing, airborne Pb concentrations in 12 houses measured ranged from 15.3 (House no. 5) to 104 g/m 3 (House no. 13) with a median of 56.1 g/m 3 .
Pb Leachate from the Pottery Residents of Santa Fe consume jug-stored water, never tap water. Thus, there should not be any concerns on Pb contribution from plumbing. The water containers, however, are normally Pb-glazed jugs manufactured locally. These containers may cause Pb leaching to the water stored.
To test potential Pb leaching from the pottery made in Santa Fe, we have used the standard pottery testing method established by the ISO (ASTM, 1994; ISO, 1996) . Five pots were tested for Pb leaching. The results are shown in Table  4 , indicating that the Pb leachate concentrations ranged widely (from 7 to 158 mg/l) among the five pots tested. These Pb leachate levels far exceeded ISO permissible limits of 0.5±2.0 mg/l for Pb in the hollow ware, cups, mugs, and cooling wares, posting a significant risk for Pb contamination of water and foods stored or cooked in such pottery.
Pb Concentrations in Cooked Bean Stews
A previous study demonstrated that people who consume stew made in Pb-glazed pottery are more likely to have high BPb levels of >15 g/dl (Avila et al., 1991) . In Santa Fe, like many parts of Mexico, bean stews are very common in the everyday diets for both children and adults. Therefore, we conducted tests of Pb content in bean stews cooked in a pot made in the village to provide representative information on potential Pb contamination from cooking practices. The test results (shown in Table 5 ) indicate not only that the bean stew cooked in the Pb-glazed pot had a Pb concentration about 25 times higher than that cooked in the stainless steel pot. In addition, the food portion obtained from the bottom of the pot exhibited an even higher Pb concentration than those obtained from the middle and top of the pot. It is important to note that the bean stew ingredients also made a contribution to total Pb in cooked stew, because Pb content in the bean stew cooked in the stainless steel pot was higher than the Pb concentration in the tap water. Indeed, Pb has been detected in a variety of foods in the US. Typical concentrations of Pb in various foods ranged from 0.002 to 0.649 g/g (DHHS, 1998). Pb concentration in the stew The Pb leaching rate might be the greatest when the pottery is new and decreases as the pottery is getting used. Even so, given that this type of pottery usually has a short lifetime' and that used ones may have cracks and thus may release more Pb from the glaze to foods, Pb contamination potential is expected to be high regardless of new or used pottery.
Pb Exposures via Three Major Pathways
Human exposure to environmental pollutants depends not only on concentrations of the pollutants, but also on contact rates which are determined by time/activity patterns (Lioy, 1990; Lanphear and Roghmann, 1997) . In Santa Fe, Pb was found in multiple environmental media (soil, dust, air, and prepared foods) which could result in Pb exposures via multiple pathways (soil/dust ingestion, inhalation, food ingestion). To estimate multimedium Pb exposures for adults and children of Santa Fe, we use data collected in this study and adapt some necessary data published in the literature, mainly in the Exposure Factors Handbook (EPA, 1997) and Exposure Factors Sourcebook (AIHC, 1994) .
Exposure via Inhalation Our survey indicates that a Santa Fe household engaged in pottery production typically fires the kiln once or twice per week, and that the average firing/ glazing time is approximately 6 h/week or 0.86 h/day. From there, we can estimate total worker exposure.
If the respiration (inhalation) rate for an adult performing strenuous activity (which is appropriate for workers performing the firing/glazing of the pottery) is assumed to be 3.9 m 3 /h (AIHC, 1994), a worker's Pb exposure during the firing process would be:
27:3 g=m 3 medianÂ3:9 m 3 =hÂ0:86 h 92g;
and a glazing worker's Pb exposure during the glazing would be:
28:2 g=m 3 medianÂ3:9 m 3 =hÂ0:86 h 95g:
Measured Pb concentrations during nonfiring/glazing hours ranged from ND to 34.1 g/m 3 (see Table 3 ) with a median of ND. We assume ND to be half of the method detection limit of approximately 1 g/m 3 and get a median air Pb concentration for nonfiring/glazing period of 0.5 g/ m 3 . Using the median point value for adult respiration rate of 20 m 3 /day or 0.83 m 3 /h (AIHC, 1994; EPA, 1997), we infer a daily Pb exposure via inhalation during the 23.14-h nonfiring/glazing period of: 0:5 g=m 3 Â0:83 m 3 =hÂ23:14 h 9:6g: Therefore, the daily Pb exposure via inhalation for the firing worker and glazing worker would be 102 and 106 g, respectively, or 104 g, on average, for the Santa Fe adult residents.
Small children living in the Santa Fe households normally remain in their family or a neighbor's household most of the time. Childhood daily Pb exposure via inhalation can be estimated as follows: median respiration rate=17.3 m 3 /day or 0.72 m 3 /h (AIHC, 1994); 0.86 h exposure to Pb at 56.1 g/m 3 (median indoor levels during the firing/glazing). Combining this with the 23.14-h exposure duration to Pb at 0.5 g/m 3 (median indoor levels during nonfiring/glazing) translates to a daily Pb exposure of 43 g/person.
Exposure via Soil Ingestion Although many regulatorybased exposure assessments use a soil ingestion rate of 200 mg/day for children and 100 mg/day for adults, the soil ingestion rate should vary largely for different individuals living under different conditions or with different personal habits. For example, the median soil ingestion levels reported by different investigators range from 11 to 618 mg/day for US children and from 1 to 77 mg/day for adults (Binder et al., 1986; Clausing et al., 1987; Calabrese and Stanek, 1991; Calabrese et al., 1989a Calabrese et al., , 1989b Thompson and Burmaster, 1991) . These values were based upon studies of US adults and children.
The soil/dust ingestion rates for children are expected to be very different in Santa Fe from those reported for US populations. The existence of soil floors means that children in the village households have access to dirt no matter what the weather or the time of day. Hand±mouth and soil ingestion behaviors also probably differ greatly between the US and Mexico. The homes having dirty floors as the only place children can be set down is one thing that contributes to this. In addition, due to lack of running water, hygiene is very different, and children are often constantly dirty. Also, children do not have cribs, playpens or other devices to contain them. Once they are mobile, children have access to any area in the house. Cultural differences exist that make a typical mother in Santa Fe less concerned about her children playing in dirty areas, or putting dirty objects or soil into their mouths.
Differences in hygiene also contribute to variations between soil and dust ingestion rates for adults in Santa Fe as compared to those expected in the US. The lack of indoor plumbing encourages people to bathe less frequently, and not to wash their hands as frequently. The fact that very few adults in Santa Fe knew that the pottery materials constantly in contact with their hands were toxic, would also mean that they would take less precautions to avoid ingestion than an average person in the US. In addition, dirty clothes and hair can serve as a constant source to hands, even if the hands were washed regularly. In sum, our calculations of childhood and adult Pb ingestion via environmental exposure are likely to be quite conservative.
For a`typical' child in Santa Fe ingesting 293 mg of soil/ dust, the daily Pb exposure would be 293 mgÂ3.42 mg/g=1 mg. Assuming an adult in Santa Fe ingested 77 mg of soil/ dust, the daily Pb exposure would be 77 mgÂ3.42 mg/ g =0.3 mg. In this estimate, we took the soil Pb to be the median for the 17 houses sampled. Surface dust Pb-loading values (mg/ft 2 ) were not used in the estimation because: (a) it is not possible to know the fraction of dust or soil in the total amount of soil/dust ingested; (b) dust Pb concentrations (mg/g) were not measured directly; and (c) the difference between the soil Pb concentration and the surface Pb concentration should be relatively small, given that the soil samples were taken from the surface layer of the dirty floors.
Exposure via Food Ingestion Total dietary intake of an average adult, based on surveys conducted in the US and Europe, ranges from 1.4 kg/day for the UK to 1.6 kg/day for the US (AIHC, 1994) . Substantially different values may be apparent worldwide, depending on food availability and diet composition. For the Santa Fe residents, we assume that the food consumption rate was 1.5 kg/day for adults and 1 kg/ day for children. Using average Pb content of the cooked bean stew (2.4 g/g), we estimate that the daily Pb exposure via food ingestion would be 3.6 mg for adults and 2.4 mg for children. This estimated Pb intake for Santa Fe children is more than an order of magnitude higher than the estimate of Pb intake from consumption of local produce by US children of 2±6 years in 1983 when Pb was substantially more prevalent than now (EPA, 1994) . Our rough estimate did not consider Pb exposure through stored drinking.
Based on the above estimation, total daily Pb exposure (intake) is 4.0 mg for adults and 3.4 mg for children living in Santa Fe. The relative contribution of each exposure pathway to the total exposure is shown in Figure 1 . The exposure values estimated in this paper are potential doses, without reference to bioavailability (body absorption rate) between inhaled Pb and ingested Pb (Renner, 1995; Adgate, 1996) . We realize that the exposure estimates made in this paper are relatively rough due to the small sample size and large uncertainties associated with data on the time/activity patterns and exposure contact rates. We therefore stress that while suggestive of serious health concerns, any quantitative conclusion and recommendation drawn from this paper should be considered preliminary. More comprehensive studies linking blood Pb levels and the sorts of environmental exposure work reported here are warranted.
Conclusions and recommendations
It was estimated that only in the Purhepecha Region, there are almost 3900 small pottery enterprises and that in the entire Mexico, there are approximately >1.5 million glaze potters (FONART, 1997) . Due to the use of Pb oxide in pottery production, extremely high Pb concentrations were measured in personal and indoor air samples, household surface dust samples, and household soil samples in Santa Fe Village. A very high Pb content was found in the bean stew cooked in a pot made in the village, leading to a high estimated Pb intake from consumption of foods for Santa Fe residents and any user of this type of cookware. These values indicate a very significant public health problem for the village residents and other similar communities. For example, our brief survey found that the following health complaints were common in the village: discomfort in hands, joints, and backs, especially kidney region of back, underweight children and adults, respiratory infections, parasites, diarrhea, and seizures in children. Some of these ailments could potentially be related directly or indirectly to Pb exposure.
In the village, most homes serve both as dwellings and as pottery production facilities. Each aspect of the process, including making the glaze, glazing the pieces, and firing in rustic, open kilns, is performed in the presence of, and sometimes with the help of, children and often occurs within several meters of the food preparation and eating areas. Therefore, segregating work areas with residential areas would reduce Pb exposure via inhalation and soil/dust ingestion. Because the contribution from soil/dust ingestion is larger than from inhalation, especially for children (see Figure 1) , it would be important to prevent the Pbcontaining glaze powder from spreading. None of personal protection has been employed during glazing or firing in the Santa Fe workers. Some simple personal protection such as wearing masks, however, can be expected to reduce the inhalation exposure. Some behavioral habits of the village residents, e.g., are expected to enhance the exposure. For example, the presence of children and babies near the Pb glaze results in children being tended to by parents with Pbcovered hands. The pottery kilns serve as a source of heat and light, and therefore a place to gather socially or to eat meals. Lack of running water and thus lack of regular hygiene increase the exposure. Changes in these behavioral habits would lead to a reduction of their Pb exposure (Lioy et al., 1998) . Surprisingly, our rough estimates suggest that Santa Fe residents may ingest more Pb from foods cooked in the Pbglazed pottery than from their household soils and dust. This means, unfortunately, that not only the Santa Fe residents, but also anyone who uses the pottery as cookware, will be potentially at a high risk of Pb exposure. To eliminate or reduce such a risk, thus, the feasibility of alternative glazes needs to be explored.
Among all the recommendations, however, the first and most important step is perhaps the communication of the risk to those pottery workers and the collaboration with them to best modify or even change the production process. The communication and public education have been recognized to be the key of preventing childhood Pbpoisoning in the US urban populations (Goldman, 1997) . Without recognition of their health problems caused by Pb exposure and help from an outside source, these village residents are too caught up in the daily task of carrying out their work to provide what little they can for their families to find a new means of income. A way should be found for them to keep their traditional occupation in a safe way, or provide training or assistance for other occupations.
